DsbB is an Escherichia coli plasma membrane protein that reoxidizes the Cys 30 -Pro-His-Cys 33 active site of DsbA, the primary dithiol oxidant in the periplasm. Here we describe a novel activity of DsbB to induce an electronic transition of the bound ubiquinone molecule. This transition was characterized by a striking emergence of an absorbance peak at 500 nm giving rise to a visible pink color. The ubiquinone red-shift was observed stably for the DsbA(C33S)-DsbB complex as well as transiently by stopped flow rapid scanning spectroscopy during the reaction between wild-type DsbA and DsbB. Mutation and reconstitution experiments established that the unpaired Cys at position 44 of DsbB is primarily responsible for the chromogenic transition of ubiquinone, and this property correlates with the functional arrangement of amino acid residues in the neighborhood of Cys 44 . We propose that the Cys 44 -induced anomaly in ubiquinone represents its activated state, which drives the DsbB-mediated electron transfer.
Oxidative folding is crucial for the maturation of extracytoplasmic domains of membrane and secreted proteins. Bacterium Escherichia coli has a series of disulfide bond formation factors (Dsb) 1 in the periplasmic space-plasma membrane region of the cell (1) (2) (3) . DsbA is a periplasmic enzyme having a thioredoxin-like fold and is capable of donating its Cys disulfide to newly translocated substrate proteins (4 -7) . Then, the two active site cysteines must be reoxidized for the continuing catalysis, and a plasma membrane protein, DsbB, is responsible for this reoxidation (8 -10) . In vivo studies showed that the respiratory components of the cell are required for the maintenance of the oxidized state of DsbB, thus providing an oxidizing equivalent to the DsbA/DsbB system (11, 12) . In vitro studies showed that UQ directly activates DsbB for the DsbAoxidizing activity (13, 14) . E. coli DsbB has four transmembrane segments and two periplasmic regions. Each periplasmic region contains a pair of essential cysteines; Cys 41 and Cys 44 in the N-terminal periplasmic loop (P1) and Cys 104 and Cys 130 in the C-terminal periplasmic domain (P2) (15 (12, 19, 20) .
However, recent studies suggest that the above-mentioned serial arrangement is too simple to account for the actual molecular mechanism of the DsbB-mediated DsbA oxidation reaction. Several questions have been asked. First, are the sequence of reactions driven simply by the intrinsic redox potential differences of the cysteine pairs involved? The experimental results of Inaba and Ito (20) as well as those of Regeimbal and Bardwell (21) gave a negative answer to this question. Specifically, the redox potential of Cys 104 -Cys 130 in DsbB (Ϫ250 mV) is much lower than that of Cys 30 -Cys 33 in DsbA (Ϫ120 mV) such that their in vitro reactions proceed only in the "reverse" direction. The above authors also showed that redox potential of the Cys 41 -Cys 44 pair is again lower (Ϫ210 to Ϫ270 mV) than that of DsbA. More recently, however, Grauschopf et al. (22) reached the opposite conclusion for the Cys 41 -Cys 44 redox potential (estimated to be Ϫ70 mV), using DsbB preparations chemically deprived of UQ. The second question is whether or not the reaction proceeds by sequential rearrangements of inter-and intramolecular disulfide bonds. Kadokura and Beckwith (23) suggested that the four cysteine residues of DsbB act in concert rather than sequentially. A split DsbB construct allowed identification of a DsbA-DsbB complex that was held together by two disulfide linkages, the (23) . On the other hand, Regeimbal and Bardwell (21) as well as Grauschopf et al. (22) argued against the involvement of any disulfide-linked intermediary complexes in the reaction. Finally, the controversies have extended to the essential roles of UQ and of DsbB cysteines. While Grauschopf et al. (22) reported that DsbB can oxidize DsbA, at least stoichiometrically, without involving UQ, Regeimbal and Bardwell (21) proposed that UQ directly oxidizes the DsbA cysteines without involving the DsbB cysteines, whose role would be not in the chemistry of this system but in proper positioning of UQ. Thus, molecular details of the DsbA-DsbB-UQ system are at * This work was supported by grants from PRESTO and CREST, Japan Science and Technology Agency, and by grants-in-aid for scientific research and National Project on Protein Structural and Functional Analyses from the Ministry of Education, Culture, Sports, Science and Technology, Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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In the present work, we describe a novel property of DsbB to induce an anomalous electronic transition of UQ molecule, in which its absorption spectrum is strikingly red-shifted. This property was observed stably in model DsbB proteins, in which its Cys 44 residue became unpaired due to mutations or to a complex formation with the DsbA C33S mutant protein. It was lost by DsbB-inactivating amino acid changes in the vicinity of Cys 44 . The UQ red-shifting was observed transiently during an in vitro reaction between the DsbB-UQ conjugate and reduced DsbA.
EXPERIMENTAL PROCEDURES
Plasmids Encoding DsbB, DsbA, and Their Derivatives-All the DsbB derivative proteins in this work contained a His 6 tag attached to the C terminus, and their non-essential cysteine residues (Cys 8 and Cys 49 ) mutated to Ala and Val, respectively (13) . Plasmid encoding DsbB-His 6 was constructed by cloning the SphI-BamHI dsbB-his 6 fragment of pSS51 (18) into the multicloning sites of pQE70 (Qiagen). This DsbB protein is simply referred to as DsbB in this study. Plasmids encoding DsbB variants with additional amino acid alterations were constructed by site-directed mutagenesis using the QuickChange mutagenesis kit (Stratagene) with appropriate sets of primers. The plasmids constructed were all verified for sequences of the open reading frames.
The dsbA plasmid was constructed by cloning the EcoRI-HindIII dsbA fragment of pSS18 (10) into the multicloning sites of pUC119. A plasmid encoding DsbA(C33S) was constructed also by QuickChange mutagenesis.
Bacterial Strains, Protein Expression, and Purification-Plasmids encoding DsbB and its derivatives were introduced into E. coli M15 strain harboring pRep4 (Qiagen), a compatible lac repressor plasmid required for the controlled expression of a gene cloned under the T5-lac composite promoter-operator of the vector pQE70. Cells were grown at 37°C on L-medium containing 100 g/ml of ampicillin, induced with 10 M isopropyl-1-thio-␤-D-galactopyranoside at a turbidity of Klett unit 60, and harvested at 4 h after the induction. DsbB and its derivatives were purified essentially as described by Bader et al. (13, 24) . UV spectrum measurements after reduction with sodium borohydride (14) indicated that the purified preparations of DsbB contained ϳ0.5 mol equivalent of endogenously bound UQ. DsbA and its derivative were also overexpressed and purified as described previously (20) . The purity of DsbB and the DsbA preparations was at least 95% as judged from Coomassie Brilliant Blue-stained band patterns after SDS-PAGE.
Preparation of Spheroplasts-Cells overproducing wild-type DsbB were suspended in 30 mM Tris-HCl (pH 8.1)-20% sucrose, followed by addition of 0.1 volume of 1 mg/ml lysozyme dissolved in 0.1 M EDTA (pH 8.0) and incubation on ice for 30 min.
Preparation of Ubiquinone-free DsbB-To prepare DsbB without endogenously bound quinones, it was overproduced in the ubiA-menA double mutant strain, AN384 (ubiA420 menA401; 25). Plasmid-bearing cells were grown in L medium supplemented with 90 mM sodium phosphate or HEPES (pH 7.5), 1 mM p-hydroxybenzoate and 0.4% glucose (11) . To deplete intracellular quinones, cells were collected by centrifugation, washed with the same medium without p-hydroxybenzoate, and grown further in the p-hydroxybenzoate-free medium. The DsbB synthesis was induced with isopropyl-1-thio-␤-D-galactopyranoside (5 M) for 4 h. The DsbB protein thus expressed was purified by the standard procedures and shown to contain less than 0.05 molar equivalent of UQ. Thus, we have successfully removed UQ from DsbB. This preparation is referred to as DsbB(⌬UQ).
Spectroscopic Measurements-DsbB preparations (100 M) in 50 mM sodium phosphate (pH 8.0) containing 0.1 M NaCl and 0.1% DDM as well as their mixtures with DsbA(C33S) (200 M) were scanned for absorption spectra from 300 to 700 nm, using HITACHI U-3310 spectrophotometer (light path, 1 cm).
To determine pH dependence of the DsbB-DsbA(C33S) red-shifting, the above scans were carried out in buffers of pH 5.0 -9.0 with increment steps of 0.5. Then, absorbance values at 500 nm (A 500 ) were plotted against pH, and the transition intensities were fitted according to the Henderson-Hasselbach equation shown in Equation 1,
in which A exp indicates an experimentally determined A 500 value, A max is the maximally red-shifted absorbance and A min is the non-shifted absorbance.
To detect a transient absorption red-shifting during the reaction between reduced DsbA and a preincubated DsbB-UQ1 mixture, absorption spectra around 500 nm were monitored by a rapid scanning monochrometer (OLIS) equipped with a stopped-flow device (UNISOKU; light path length, 0.7 cm). The reaction was initiated at 0°C by a 1:1 mixing of reduced DsbA (80 M) and oxidized DsbB(⌬UQ) (80 M) preincubated with 80 M UQ1. The buffer solution was 50 mM Tris-HCl (pH 9.0) containing 0.1 M NaCl and 0.02% DDM, which had thoroughly been degassed and flushed with nitrogen before use. Scans from 400 to 640 nm were repeated 10 times per second.
Electrophoretic Assay of the DsbA-DsbB Reaction Time CourseRedox reactions between DsbB and reduced DsbA were allowed to proceed as described above, except that UQ1 concentration was 1 mM. After mixing, samples were withdrawn and immediately mixed with an equal volume of 10% trichloroacetic acid. Denatured and precipitated proteins were collected by centrifugation (16,000 ϫ g for 10 min at 4°C), washed with cold acetone, and dissolved in modification buffer containing 50 mM Tris-HCl (pH 8.0), 1% SDS, and 1 mM AMS. Reduced and oxidized forms of the proteins as well as their mixed disulfide complex were then separated by 12% SDS-PAGE (without any reducing agents), and stained with Coomassie Brilliant Blue. Band intensities were quantified by means of Fuji LAS-1000 CCD image analysis. (16, 17) . This complex could also be formed by mixing these two proteins in vitro (electrophoretic data not shown). Surprisingly, this mixture proved to be colored pink (Fig. 1A , right). In contrast, isolated DsbB protein did not show such a remarkable pink color and was light yellow due presumably to the endogenously bound UQ molecules (Fig. 1A, left) . DsbA(C33S) was colorless (data not shown). It is noteworthy that the pink color development was observed in a more physiological setting in which spheroplasts prepared from cells overproducing wild-type DsbB were mixed with the purified DsbA(C33S) preparation (Fig. 1B, right) . Such outstanding color development was not observed without addition of DsbA(C33S) (Fig. 1B, left) or without overproduced DsbB (data not shown).
RESULTS

An Anomalous Spectroscopic Behavior of UQ
Absorption spectrum measurement showed an absorbance peak at 500 nm for the mixture of DsbB and DsbA(C33S) (Fig.  1C , broken line). UQ molecules have a major absorption maximum at 275 nm and a weak peak at 400 nm. The DsbB preparation itself exhibited this small 400-nm peak along with a broadly distributed shoulder at 500 -700 nm (Fig. 1C , continuous line). When DsbB was mixed with wild-type DsbA, steadystate pink color was not appreciably observed (see, however, the last section below for a transient spectrum change). In this case, only a broad and small peak was observed around 550 nm and even the DsbB original peak at 400 nm disappeared almost completely (Fig. 1C, dotted line) . The latter observation was due to reduction of the bound UQ upon successful oxidation of DsbA. Indeed, dithiothreitol treatment of a DsbB-DsbA(C33S) mixture abolished both the yellow color and the pink color (data not shown).
UQ Is Responsible for the Color Development-A possibility that some metal complex or prosthetic group is actually associated with DsbB was unlikely, since no metal atoms were detected by inductively coupled plasma atomic emission spectrometry (ICP-AES) (data not shown). Also, DsbB activity was unaffected by a chelating agent; either EDTA or ortho-phenanthroline (data not shown).
To examine whether UQ was directly responsible for the unusual color development of the DsbB-DsbA(C33S) complex, we used a UQ-free DsbB preparation (DsbB(⌬UQ); see "Experimental Procedures"). DsbB(⌬UQ) exhibited no significant absorption of visible light, whether by itself or in combination with DsbA(C33S) (Fig. 1D, bottom dotted line) . Addition of a commercially available ubiquinone derivative, UQ1, to the mixture of DsbB(⌬UQ) and DsbA(C33S) resulted in the development of visible pink color, whose intensities increased with increasing UQ1 concentrations (Fig. 1D) .
The UQ1-dependent absorbance increase at 500 nm was saturable. The maximum intensity was reached at an equimolar ratio of UQ1 and DsbB concentrations (Fig. 1D, inset) . These results indicate that the absorption at 500 nm was due to the UQ molecule that binds to DsbB in a 1:1 ratio, a number that agrees with the quantitation results of Bader et al. (14) .
Is the spectroscopic behavior observed above compatible with the chemical structure of UQ? Rhodoquinone exhibited a very similar absorption spectrum (Fig. 1E) . This illustrates the potentiality of quinone-related compounds to have an absorption peak at 500 nm. We conclude that the yellowish UQ1 spectrum (maximum at 400 nm) is red-shifted (500 nm) when it is in association with the DsbB-DsbA(C33S) complex. had absorbance peak at 500 nm ( Fig. 2A) . These two DsbB variants still formed a mixed disulfide complex with DsbA(C33S), but without eliciting the spectroscopic transition of bound UQ (data not shown).
We also constructed DsbB[CSSC], a Cys 44 mutant of [CCSC]. It did not exhibit a strong absorbance peak at 500 nm (Fig. 2B) . Weak absorbance peaks were noted at ϳ350 and 400 nm for DsbB [CSCC] and DsbB[CSSC] (Fig. 2, A and B) . DsbB(⌬UQ) lacked both peaks (Fig. 1D ) and free UQ (Fig. 1E ) and the wild-type DsbB preparation (Fig. 1C) had only the latter. Thus, the 350 nm peak is UQ-related and detected only in conjunction with DsbB that lacked Cys 44 ; the Cys 41 -Cys 44 disulfide may prevent its formation. Presently, the significance of this 350-nm peak is obscure, although it may represent another form of perturbed UQ in association with DsbB.
The most important and compelling information for the cysteine residue that was directly responsible for the UQ redshifting was provided from another construction, DsbB[SCSS], the top curves, respectively). Inset shows the absorption peak at 500 nm as a function of UQ1/DsbB(⌬UQ) molar ratio. E, absorption spectrum of free UQ1 in comparison with that of rhodoquinone. Absorbance was scanned for 100 M solutions of UQ-1 (solid line) and decyl-rhodoquinone (broken line) in 50 mM sodium phosphate (pH 8.0), 0.1 M NaCl-0.1% DDM. The chemical structures of UQ and rhodoquinone are illustrated on the right. in which all the essential cysteines other than Cys 44 had been mutated. This DsbB variant, having the sole cysteine at position 44, was fully competent in the production of the red-shifted state of UQ (Fig. 2B) (Fig. 2C) .
Thus, these two residues should be in a close mutual proximity in the three-dimensional structure and may be a preferred combination for the intramolecular disulfide bond formation when Cys 104 is unavailable. The contention that the Cys 44 thiol reacts with UQ received additional experimental support. First, iodoacetamide diminished markedly the 500-nm absorbance of either DsbB [SCSS] or DsbB-DsbA(C33S) (Fig. 2D) appearing below pH 5.0 (Fig. 2E) . The low pH effect was reversible, and the absorbance resumed at pH 8.0 (data not shown). From the pH dependence profile of the absorbance change, a pK a value for this transition was calculated to be 6.6 Ϯ 0.1 (Fig. 2F) . It is possible that this value corresponds to the pK a for Cys 44 , assuming that the deprotonated thiolate group of Cys 44 interacts with the bound UQ to red-shift its electronic state.
UQ Red-shifting Is Correlated with the Functional Local Structure Around Cys
44 -Our previous insertion/deletion analyses suggested that a DsbB segment flanked by Cys 44 and the membrane-integrated region is important for the respiratory chain-coupled oxidation of DsbB (19) . It was proposed that the length of this segment may be crucial. A DsbB mutant with an alanine inserted between Tyr 46 and Glu 47 did not show any color development by itself or even when it was mixed with DsbA(C33S) (Fig. 2G) . We also examined another non-functional DsbB mutant, having Gly-Pro in place of Val-Leu flanked by Cys 41 and Cys 44 (19, 20) . This DsbB mutant was also incapable of developing the pink color either in the absence or presence of DsbA(C33S) (Fig. 2G) . These two inactivating mutations did not impair the complex formation with DsbA(C33S) (data not shown), indicating that they specifically affected the DsbB-UQ interaction. Furthermore, a mutant protein having both the [SCSS] substitutions and the alanine insertion failed to exhibit the color development (data not shown). Far-UV circular dichroism spectrum measurements indicated that these DsbB alterations did not cause any gross conformational changes (data not shown). These results indicate that the unusual electronic state of the bound UQ requires the proper structural/sequence organization of the neighborhood region of Cys 44 . Fig. 3A were plotted against the reaction time. C, electrophoretic assay of the reaction. Redox reactions were allowed between DsbB(⌬UQ) and reduced DsbA as described above, except that UQ1 concentration was 1 mM. At the indicated time points, reactions were terminated by mixing a sample with trichloroacetic acid. They were then subjected to AMS modification and non-reducing SDS-PAGE. Protein patterns were visualized with Coomassie Brilliant Blue staining. D, intensity change of the DsbA-DsbB complex.
UQ Is Red-shifted Transiently During Reaction Between
Wild-type DsbB and DsbA-Is the anomalous electronic state of UQ generated during the reaction between wild-type DsbB and DsbA? We followed their reactions, which were slowed down at 0°C and at pH 9.0 (24), by means of a rapid-scanning monochrometer equipped with a stopped-flow device. Immediately after mixing 40 M each of reduced DsbA and oxidized DsbB that had been preincubated with externally added UQ1, a prominent absorbance appeared around 500 nm (Fig. 3A) . The absorbance intensity had already reached the maximum at ϳ4 s and declined thereafter to a ground state. The change of absorbance intensity at 500 nm (A 500 ) was fitted well by a single exponential function with a rate constant of 0.05 s Ϫ1 , indicative of a monophasic reaction (Fig. 3B) . A shoulder at 550 -600 nm appeared at an early time period and became increasingly dominating as the reaction proceeded. This shoulder seems to be a characteristic feature of the end products of these reaction components (see Fig. 1B, dotted line) . We also observed a transient absorption appearance under a more physiological pH condition (pH 8.0), using the DsbB protein containing endogenously bound UQ (i.e. UQ8) prepared from wild-type cells. In this case, the reaction was accelerated ϳ14-fold (k ϭ 0.69 s Ϫ1 ) and the red-shifting was observed during the time window of 0.4 -2.0 s after mixing (data not shown). Thus, we were able to observe a transient appearance of the redshifted UQ during reactions involving wild-type proteins.
To directly follow the redox changes of these proteins during the reaction at 0°C and at pH 9.0, samples were withdrawn and subjected to instantaneous termination by treatment with trichloroacetic acid. The acid-denatured proteins were then solubilized in buffered SDS solution that contained 1 mM AMS, a thiol-reacting alkylating agent capable of retarding electrophoretic mobility of the modified protein. DsbA oxidation proceeded very rapidly and its reduced form disappeared within ϳ15 s (Fig. 3C) . A significant amount of a disulfide-linked DsbB-DsbA complex was observed at the earliest possible sampling time. The decay kinetics of this complex was significantly slower than that of reduced DsbA. Thus, complete oxidation of DsbA required about 40 s.
It is noted that the appearance/decay curve of the DsbBDsbA complex (Fig. 3D ) was similar to that of the A 500 value (Fig. 3B) , which is describable in terms of a single exponential function with a rate constant of 0.07 s Ϫ1 . Thus, it is reasonable to assume that the transiently formed DsbB-DsbA complex was the main source of the absorbance peak at 500 nm. It was also noted that the Fig. 3C reaction contained at least two (slow and rapid) reaction components, in which the rapid oxidation phase had already proceeded to a large extent well before the earliest possible sampling time (Fig. 3C, ϳ5 s point) . This mode of in vitro reaction needs further careful examination. For instance, Grauschopf et al. (22) showed that the stoichiometric reaction between DsbB and reduced DsbA can take place rapidly by simple disulfide exchanges that proceed without accumulation of DsbB-DsbA complex or even without help from UQ. Although some reduced forms of DsbB were indeed observed during the early reaction time (Fig. 3C) , it is difficult to determine whether some of them also were involved in the UQ transition. At least for the slower phase of the reaction, however, the resolution of the pink-colored DsbB-DsbA complex should have resulted in the generation of oxidized forms of DsbA and DsbB. DISCUSSION We have described a novel function of DsbB, in which it induces a peculiar electronic state of UQ molecule. This unusual property is specific for DsbB with functional sequence or structural arrangement around its Cys 44 residue. Although this property was initially observed with a DsbB-DsbA(C33S) model complex, DsbA has no direct role in eliciting the UQ red-shifting. A series of cysteine to serine substitution mutants of DsbB indicated that some of them are competent in the chromogenic transition of UQ without involving DsbA. This information could be taken as evidence against the proposal of Regeimbal and Bardwell (21) that UQ directly interacts with DsbA. In accordance with this, Grauschopf et al. (22) reported that the absence of DsbB cysteines retarded the oxidation reaction by ϳ10 3 -fold. One of the most important information of our present study is that unpaired Cys 44 is required and sufficient (among the four essential cysteines) for the UQ transition. This is best illustrated by the DsbB [SCSS] (29) is activated to initiate the resolution. (IV) Fully oxidized DsbB is regenerated coupled with reception of two electrons by the Cys 44 -activated UQ, which is now reduced to ubiquinol and further subjected to oxidation by terminal oxidases.
interacting regions has not been identified.
The special importance of Cys 44 in "activating" UQ is consistent with the information provided previously by genetic and biochemical analyses of DsbB. In the membrane-integrated state of DsbB, the Cys 41 -Cys 44 disulfide bond exhibited an unusual apparent resistance to reduction by dithiothreitol, a phenomenon that can be ascribed to its very strong oxidation by respiratory components (12) . Our mutation studies indicated that a region immediately C-terminal to Cys 44 is particularly important for the DsbB function and its oxidation by respiratory components (19) and those by Kadokura et al. (27) showed that a conserved Arg 48 residue in this region is important for the quinone-interaction of DsbB. In our present work, it was shown that a DsbB-inactivating insertion of a single alanine into the short segment between Cys 44 and the transmembrane region impairs the DsbB ability to induce UQ redshifting. In addition, another inactive DsbB variant with the thioredoxin-like Cys 41 -Gly-Pro-Cys 44 sequence (19, 20) was also unable to affect UQ. These results suggest that the ability to induce the transition state of UQ is a specific property of DsbB, in which functional organization of the Cys 44 neighbor is critical. It is tempting to speculate that, in vivo, specific configuration of Cys 44 thiol relative to the membrane embedded UQ molecule is essential for their optimum redox interaction, and this feature is conserved even in their detergent-solubilized states employed in our present experiments.
While we believe that the anomalous spectroscopic behavior is a manifestation of an activated state of UQ, the exact mode of the Cys 44 -UQ interaction is unknown. The iodoacetamide sensitivity of the color development as well as the observation (data not shown) that 6 M guanidium hydrochloride cancelled the already developed pink color suggests that the interaction is not covalent. The occurrence of an ubisemiquinone radical (28) seems unlikely, since no electronic paramagnetic resonance signals of g-value of ϳ2.0 have been observed for the DsbB-DsbA(C33S) complex, at either 298 or 35 K (data not shown). While radicals are generally short-lived, the pink color of the complex stays for days at ambient temperature. The observed pH dependence in the color development is consistent with deprotonated thiolate anion at position 44 interacting non-covalently with a specific region of UQ to modulate its electronic states. The Cys 44 thiolate, with possible pK a of 6.6 (Fig. 2E) , may induce a rhodoquinone-like electronic state of the benzoquinone ring. The stability of the transition state in the absence of an available cysteine partner may promise standard approaches of structural biology to determine the precise electron distribution responsible for the activated state of UQ.
Meantime, we were able to demonstrate that the UQ redshifting takes place transiently during a reaction between DsbB and reduced DsbA in the presence of UQ1. Thus, this phenomenon cannot be regarded as artifacts specific for the mutant constructs of these proteins. Under the equimolar reaction conditions, a significant, but not overwhelming, amount of DsbB-DsbA covalent complex was produced rapidly, and then it declined. This decline should have been accompanied by the production of oxidized DsbA and oxidized DsbB and a major fraction of the red-shifted UQ can be ascribed to the formation of this complex.
It should also be noted that at least two modes of reaction components seem to have existed in the above in vitro reaction. Thus, the resolution of the DsbB-DsbA complex was slower than the appearance of the majority of oxidized DsbA. It was technically impossible to determine whether the very rapid phase of the reaction was accompanied by rapid red-shifting of UQ and its cancellation. It is conceivable that the rapid phase of the oxidation reaction was mediated by stoichiometric disulfide exchanges between DsbB and DsbA, as suggested by Grauschopf et al. (22) . Although the above reaction was explained in terms of the extremely high redox potential value of the Cys 41 -Cys 44 disulfide estimated by these authors (22), we have so far been unable to reproduce the estimation of Ϫ70 mV for this pair of cysteines. 2 At any rate, some reduced forms of DsbB were actually generated in the course of the DsbB catalysis (Fig. 3C) . Our reaction using a catalytic amount of DsbB (1/200 of DsbA) provided an interesting additional result that DsbA was oxidized slowly taking over 40 min, and both reduced forms of DsbB and the DsbB-DsbA complex existed during most of the reaction time.
2 Unfortunately, the low DsbB concentration in this catalytic reaction precluded its spectroscopic analysis.
Taken together, the information so far available suggests that a reaction scheme shown in Fig. 4 A rate-limiting event at the step of species II to species III transition will lead to the slower mode of reaction with accompanying accumulation of the DsbB-DsbA complex. In contrast, either a rapid resolution accompanied by the specifically reduced DsbB species (species III in Fig. 4 ) or a mechanistically distinct direct intermolecular disulfide exchange (22) may explain the rapid reaction without detectable accumulation of the complex. It remains an open question how these modes of reactions are selected by each molecule of DsbB/DsbA, especially in the physiological in vivo setting. In this connection, it should be pointed out that the physiological DsbB-DsbA reaction occurs with DsbB and UQ embedded in the cytoplasmic membrane. A need for their reconstitution into proteoliposomes is obvious to really dissect the molecular mechanisms. Our results that DsbB in the native topology in the spheroplast membrane also underwent the UQ red-shift upon receipt of DsbA(C33S) promise such approaches.
Finally, we point out that at the final re-revision stage of this article, we came across an internet pre-release of a publication from Bardwell and coworkers (30) . These authors described that wild-type DsbB is purple-colored and attempted to explain this observation in terms of the purple-colored quinhydrone, in which two stacked quinone molecules are involved. However, from the results presented in our present study, it is clear that the full spectrum change requires reduction of the Cys 44 residue of DsbB. The ϳ500-nm shoulder observed with the wildtype DsbB (Fig. 1C ) disappeared upon its incubation with iodoacetamide, which should have modified free thiols, thus strongly supporting our interpretation. 2 We believe that the very weak color development of wild-type DsbB (Fig. 1A, left) 
